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RNase Ra b s t r a c t
The mechanisms by which huge human introns are spliced out precisely are poorly understood. We
analyzed large intron 7 (110 199 nucleotides) generated from the human dystrophin (DMD) pre-
mRNA by RT-PCR. We identiﬁed branching between the authentic 50 splice site and the branch point;
however, the sequences far from the branch site were not detectable. This RT-PCR product was resis-
tant to exoribonuclease (RNase R) digestion, suggesting that the detected lariat intron has a closed
loop structure but contains gaps in its sequence. Transient and concomitant generation of at least
two branched fragments from nested introns within large intron 7 suggests internal nested splicing
events before the ultimate splicing at the authentic 50 and 30 splice sites. Nested splicing events,
which bring the authentic 50 and 30 splice sites into close proximity, could be one of the splicing
mechanisms for the extremely large introns.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
There is great variation in the sizes of human genes, which is
predominantly attributable to the variation in intron sizes [1].
Most internal exons are between 50 and 200 bp (mean, 163 bp),
whereas intron sizes are much more variable, ranging from
<50 bp to >1 Mbp (mean, 5849 bp) [2]. We recently identiﬁed ex-
treme cases of splicing in the human ESRP2 and FHIT genes; i.e.,
alternatively spliced 43-nucleotide (nt) intron and cancer-speciﬁc
multi-exon skipping with 1189164-nt span, respectively [3,4].
The mechanism of pre-mRNA splicing has been studied with
model pre-mRNAs containing small (100–250 nt) single introns,
which are spliced efﬁciently in vivo and in vitro [reviewed in 5,6].
To study the co-transcriptional splicingmechanisms of huge intronsis demanding, so the proposed mechanism is currently controver-
sial. For instance, splicing of a discontinuous pre-mRNA, or a cleaved
intron, has been proposed [7] (M.J. Dye, personal communication),
while a continuous pre-mRNA has been shown to be necessary for
splicing [8]. The multi-step sequential splicing may have important
implications for understanding splicing of pre-mRNA containing ex-
tremely large introns. One known example is recursive splicing in
several genes of the fruit ﬂy (Drosophila melanogaster); i.e., the step-
wise removal of introns by sequential re-splicing at composite 30/50
splice sites (0-nt length exons) [9,10] (Fig. 1). This recursive splicing
was discovered in several genes of D. melanogaster, but has not yet
been found in vertebrate genes. On the other hand, the measured
rates of the transcription and splicing of pre-mRNA containing huge
introns suggest an authentic one-step process [11] (R.A. Padgett,
personal communication), but we do not yet knowwhy the splicing
machinery, or spliceosome, ignores so many splice site-like se-
quences in a huge intron.
The human dystrophin (DMD) gene is one of the largest anno-
tated genes; it spans more than 2.5 Mbp and generates a transcript
of 14 kb containing 79 coding exons, which encodes the essential
427 kDa dystrophin protein in skeletal and cardiac muscles (http://
www.dmd.nl/). The mutations in this DMD gene often result in the
Duchenne and Becker muscular dystrophies [reviewed in 12,13].
More than 99% of the DMD gene sequence is composed of introns,
whose lengths vary widely from 107 nt (intron 14) to 248 401 nt
Fig. 1. Two types of multi-step splicing in large introns, compared with the recently discovered re-splicing of mature mRNA. ‘Recursive splicing’ and ‘re-splicing of mature
mRNA’ were ﬁrst identiﬁed in D. melanogaster Ubx pre-mRNA and human TSG101 pre-mRNA, respectively [4,9,10]. The proposed nested splicing pathways (middle column)
are mechanistically homologous to the pathway of mRNA re-splicing (right column). Each multi-step splicing pathway is represented here with a minimal number of exons/
introns. Black and gray 50/30 indicate the active and inactive 50/30 splice sites in the each process, respectively.
556 H. Suzuki et al. / FEBS Letters 587 (2013) 555–561(intron 44). When we examined large intron 7 (110 199 nt) of the
DMD pre-mRNA, experimental evidence suggested that multiple
nested splicing events occur before the ultimate splicing between
the authentic 50 and 30 splice sites (Fig. 1), which was theoretically
predicted and referred to as ‘intrasplicing’ previously [14]. In this
process, many splice site-like sequences within the large intron
rather play roles in splicing events of the nested introns, and as a
result, they bring the distant authentic splice sites into close prox-
imity to facilitate the ﬁnal splicing, removing the huge intron even-
tually. Based on the supportive experimental evidence, here we
propose this ‘nested splicing hypothesis’ as a possible splicing
mechanism of human huge introns.
2. Materials and methods
The sequences of all the DNA primers used (Operon Biotechnol-
ogies) are listed (Supplementary Table S1).
2.1. Conﬁrmation of the human DMD gene structure
To conﬁrm the exon/intron structure of the human DMD gene,
the longest cDNA sequence (accession number: NM_000109) was
mapped onto the appropriate region of the human X chromosome
using the human BLAT search (http://genome.ucsc.edu/cgi-bin/
hgBlat). Human Splicing Finder (HSF; http://www.umd.be/HSF/)
was used to search for sequences homologous to the consensus
50 and 30 splice sites of DMD intron 7.
2.2. RT-PCR analysis of DMD lariat introns
The methods to detect lariat introns using reverse transcription-
polymerase chain reaction (RT-PCR) across branch sites and the
preparation of RNase R-digested RNA sample have been described
previously [15]. Human skeletal muscle total RNA (1 lg; Clontech)
or RNase R-digested RNA from the same source (1 lg) were used
as the templates for the RT reactionswith randomhexamer primers.
The resulting cDNAs were used as templates for the ﬁrst PCRs with
speciﬁc primers (Supplementary Table S1) and the products were
puriﬁed on Sephacryl S300 columns (GE Healthcare), before theywere used as the templates for the second nested PCRs. The second
PCRswith the inner primer sets (Supplementary Table S1)were per-
formed as described for the ﬁrst PCRs. The ﬁrst and second PCRs
were performed with 20 and 10 cycles, respectively (mRNA in
Fig. 2C), 30 and 19 cycles, respectively (introns 7 and 8 in Fig. 2C),
or 35 and 35 cycles, respectively (in Figs. 2A, B and 3). The ampliﬁed
PCRproductswere analyzedwith6%polyacrylamide gel electropho-
resis (PAGE; stainedwith ethidiumbromide). The isolatedDNA frag-
ments were subcloned into the pCR2.1 TOPO cloning vector
(Invitrogen) and the sequences were veriﬁed with the M13 re-
verse/forward primers.
2.3. Plasmid construction for in vitro splicing
PCRs were performed with Pfu Turbo DNA polymerase (Agilent),
according to the manufacturer’s instructions, with the indicated
DNA primers (Supplementary Table S1). Using extension PCR on
the human b-globin minigene plasmid pSP64-HbD6 [16] with the
primers HbGE1AS (containing an ApaI site) and HbGE2S (contain-
ing a BglII site), we generated the b-globin cDNA plasmid pSP64-
HbE1/E2, in which intron 1 with its adjacent 50 and 30 splice sites
was replaced with two unique restriction sites (ApaI and BglII).
Nested intron fragments A and B with internal deletions were gen-
erated with PCR ampliﬁcation of human genomic DNA (Promega)
using primer sets A50ApaIS, A50XhoIAS, A30XhoIS and A30BglIIAS
for the A fragment, and primer sets B50ApaIS, B50XhoIAS, B30XhoIS
and B30BglIIAS for the B fragment. The ampliﬁed products were di-
gested with ApaI/XhoI or XhoI/BglII and subcloned into the ApaI/
BglII sites of the pSP64-HbE1/E2 plasmid to generate plasmids
pSP64-HbE1/E2-DMDniA and pSP64-HbE1/E2-DMDniB.
2.4. In vitro splicing assay of nested introns
The pSP64-HbE1/E2-DMDniA and pSP64-HbE1/E2-DMDniB
plasmids were linearized with BamHI and used as the templates
for in vitro transcription with SP6 RNA polymerase as described
previously [17]. The in vitro splicing assays of the nested introns
were performed with HeLa cell nuclear extract as described previ-
ously [17], unless otherwise speciﬁed below. The splicing products
Fig. 2. RT-PCR detected the whole DMD small lariat intron 8 (1113 nt) but detected only part of DMD large lariat intron 7 (110 199 nt) in muscle cell RNA. (A) Structures of
the DMD pre-mRNA (exon 8 to exon 9) and lariat intron 8 with the primers (arrows) used for the PCR assays are indicated (all the primer sets, except 50S/30A, were
designed not to amplify product from linear pre-mRNAs). The PCR products on the PAGE gel are shown. Sequence alignment of the PCR product (ampliﬁed with primer set
30S/50A) and the DMD gene revealed a 20–50 branched connection between the end of the authentic 50 splice site (arrow) and the branch point, which is located upstream
from the authentic 30 splice site (arrow). The other products (from primer sets 30S/30A and 50S/50A) also had consistent sequences. (B) Structures of the DMD pre-mRNA
(exon 7 to exon 8) and lariat intron 7 with the primers (arrows), and the PAGE gel are shown as in (A). Sequence alignment of the PCR product (from the primer set SI/AI)
and the DMD gene reveals canonical branching between the authentic 50 splice site and the branch point as described in (A). The observed ‘t’ instead of the branching ‘a’
could be attributable to a nucleotide mis-incorporated during RT as described previously [28]. The other products (from primer sets SII/AI and SI/AII) also had consistent
sequences. (C) RT-PCR detection on the denaturing PAGE gel of the indicated RNAs (mRNA, intron 8, and intron 7) using human skeletal muscle total RNA with (+) or
without () RNase R-digestion. RNase R fully degrades linear RNAs, such as rRNA and mRNA, but circular RNAs and the loop portions of lariat RNAs remain intact (see
lanes of total RNA) [15].
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raphy. The spliced products were also detected by RT-PCR with a
speciﬁc RT primer (HbGBAS) and PCR primers (HbGS and HbGBAS),
followed by 6% PAGE.
2.5. Analysis of splicing products during muscle cell differentiation
Human skeletal muscle cells (SkMC cells; Cambrex) were
maintained in SkGM medium supplemented with Single Quot
additives according to the manufacturer’s instructions. To pro-
mote the cells’ terminal differentiation, the SkGM medium was
replaced with Dulbecco’s modiﬁed Eagle’s medium (D-MEM/F-
12; Life Technologies) supplemented with 2% horse serum. The
total RNAs were extracted using TRIzol reagent (Life Technolo-
gies) at each indicated time point after the medium was replaced.
In the semi-quantitative RT-PCR assays to detect speciﬁc DMD
splicing products, the optimal cycle numbers of the ﬁrst and sec-
ond PCRs were selected to reﬂect the proportional changes in the
PCR products [15]; i.e., 20 cycles (with E7-S/E8-A primers) and 16
cycles (with E7-S0/E8-A0 primers), respectively, to detect the
mRNA; 25 cycles (with AI/SI primers) and 17 cycles (with AI0/SI0
primers), respectively, to detect the lariat intron 7; 25 cycles
(with +10 k/+25 k primers) and 19 cycles (with +10 k0/+25 k0
primers), respectively, to detect the nested lariat intron A; and
25 cycles (with +19 k/+24 k primers) and 21 cycles (with +19 k0/+24 k0 primers), respectively, to detect the nested lariat intron
B. The total RNA from the SkMC cells (250 ng) and the PCR prod-
ucts were analyzed as described in Section 2.2, and the visualized
bands were quantitated with an AlphaImager 2000 instrument
(Alpha Innotech). The sequences were veriﬁed as described in
Section 2.2.
3. Results
3.1. DMD conventional lariat intron 8 was fully detected
We chose two representative introns in the DMD pre-mRNA:
very large intron 7 (110 199 nt) and the downstream conventional
intron 8 (1113 nt). We used RT-PCR ampliﬁcation across the branch
site to detect trace amounts of the endogenous lariat introns from
the human skeletal muscle total RNA as described previously [15].
We ﬁrst ampliﬁed the control intron 8 (1113 nt) from the endoge-
nous total RNA. Human skeletal muscle cDNA was used as the tem-
plate for a PCRwith the 30S/50A primers, followed by a second nested
PCR with the inner primers, which hybridized across the branch
point in lariat intron 8 (Fig. 2A; seemaps).We successfully detected
an RT-PCR product of the expected size (seemiddle PAGE panel) and
the sequencewas veriﬁed (see aligned sequences).We also detected
a product of the right sizewith twodifferent primer sets (30S/30Aand
50S/50A) in opposite directions, which included the whole loop,
Fig. 3. RT-PCR detected the canonical branched structures of two nested introns in DMD intron 7. (A and B) Structures of the DMD pre-mRNA (exon 7 to exon 8) and the
nested lariat introns A and B are indicated schematically with the PCR primers (arrows). The PCR products are shown on the PAGE gel. Sequence alignment of the PCR
products (ampliﬁed with primer sets +25 k/+10 k and +24 k/+19 k) and the DMD gene reveals a branching event between the end of the internal 50 splice site (arrow and
underlined) and the branch point, which is located upstream from the internal 30 splice site (arrow and underlined). The missing nucleotides at the branch point (hyphens)
could have resulted from skipping during RT as described previously [28]. The strengths of 50 and 30 splice sites (by the HSF web tool) of the nested intron A are 77.11 (734th
of 3466) and 78.90 (1798th of 6559), respectively, and those of the nested intron B are 74.42 (1031th of 3466) and 82.63 (880th of 6559), respectively.
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ture (Fig. 2A; see maps).3.2. DMD large lariat intron 7 was partially detected
The same RT-PCR approach was applied to large intron 7 (110
199 nt). We observed speciﬁc PCR products with primer sets (SI/
AI, SI/AII, and SII/AI) that hybridized near the authentic branch site
in the presumed lariat intron 7 (Fig. 2B; see middle PAGE panel).
The annealed position of the primer sets SI/AII and SII/AI imply that
the branched product contained at least 156 nt from the 50 splice
site and at least 126 nt from the branch site. Sequencing of these
PCR products clearly demonstrated a branch formation between
the cleaved authentic 50 splice site and the branch point that is just
upstream from the authentic 30 splice site (Fig. 2B; see aligned se-
quences). However, we did not observe the expected PCR products
with the primer sets SI/AIII (336 nt) and SIII/AI (226 nt) (see
middle PAGE panel) under the PCR conditions that ampliﬁed the
entire 1113-nt lariat intron 8 (Fig. 2A). We detected no more PCR
signals with more distant primer sets (SI/A0.5,   , SI/A4.0 and
S0.5/AI,   , S4.0/AI; Fig. 2B). The RT-PCR undetected regions of in-
tron 7, could be detected by the genomic PCR with the correspond-
ing primers, which provides quality control data to rule out
possible problems in either the primers or PCR conditions used
in the RT-PCR (Supplementary Fig. S1). These results suggest that
the expected lariat intron 7 was cleaved to form a Y-shaped
branched fragment or a closed lariat containing gaps in the se-
quence (Fig. 2B; black and gray lines), because the sequences atwhich the primers should hybridize were missing (gray line;
>270 nt from the 50 splice site and >175 nt from the branch site).
To clarify this issue, we analyzed RNase R-digested total skel-
etal RNA with RT-PCR. We have previously demonstrated that
RNase R (a 30 to 50 exoribonuclease) thoroughly degrades linear
RNAs and Y-shaped branched RNAs, while preserving the loop
portions of lariat RNAs [15]. Therefore, we observed that the
RT-PCR product derived from the DMD mRNA was abolished by
RNase R digestion, whereas the product detected from the con-
ventional lariat intron 8 remained after RNase R digestion
(Fig. 2C). Remarkably, the product detected from lariat intron 7
was also resistant to RNase R digestion (Fig. 2C). These results
indicate that the observed branched intron 7 was not a cleaved
lariat (Y-structure), but a closed lariat. Taken together, the partial
RT-PCR detection of lariat intron 7 can be attributed to presumed
sequence gaps in the closed lariat.
3.3. Possible nested lariat introns were detected in intron 7
The observed gapped segments in closed lariat intron 7
prompted us to look for nested splicing events, which occur we as-
sumed, before the ﬁnal splicing that removes the whole intron 7
(Fig. 1). We ﬁrst searched for potential internal 50 and 30 splice sites
in intron 7 using the HSF web tool. We found 3466 and 6559 se-
quences that were homologous to the 50 and 30 splice sites, respec-
tively. Among these, 127 and 279 sequences had higher scores than
those of the authentic 50 and 30 splice sites, respectively. We spec-
ulated that these potentially strong 50 and 30 splice site sequences
might be utilized for nested splicing events within large intron 7.
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when we targeted one of the potential 50 splice site sequences with
a speciﬁc primer (Fig. 3A, +10 k) and scanned the available down-
stream branch site with six primers with a constant distance (+15,
+20,   , +40 k). We detected a PCR product from the speciﬁc down-
stream primer (see middle panel, +25 k). Sequencing of this PCR
product revealed a presumed nested lariat intron (14 367 nt;
‘nested lariat intron A’) that could be generated by splicing via
the internal 50 and 30 splice sites in intron 7 (see aligned se-
quences). Using the same approach with a different set of primers,
we found evidence of another nested lariat intron (6380 nt; ‘nested
lariat intron B’) and veriﬁed its sequence (Fig. 3B). Interestingly,
the nested-intron B was nested in the nested-intron A. Our results
suggest that at least two nested splicing events occur before the ﬁ-
nal splicing, removing large intron 7 eventually. We assume that
there are more nested introns and that their splicing creates the
observed sequence gaps in large lariat intron 7.3.4. Nested intron fragments are active in splicing
Wenext testedwhether the fragments of detectednested introns
A and B themselves function in splicing. We performed an in vitro
splicing assaywithheterologouspre-mRNAs containingeachnested
intron fragment (Fig. 4). Because b-globin exonic RNA is very stable
in splicing reactions [18], the original intron 1 of the b-globinFig. 4. The nested intron fragments are competent for splicing. Shortened nested intron
exon 2) sequence of b-globin (37 nt from the 30 end of exon 1 and 11 nt from the 50 en
nuclear extract (the incubation times are indicated). The splicing products were analyzed
to an RT-PCR assay (RT-PCR). The positions of the unspliced pre-mRNAs and spliced mRN
by sequencing.minigene, with its ﬂanking splice sites (including extra exonic se-
quences), was replacedwith each shortened nested intron including
the ﬂanking splice sites (Fig. 4, see maps). We found that inserted
nested intronAwas efﬁciently spliced in vitro, and the splice product
was veriﬁed by RT-PCR and sequencing (Fig. 4, see upper panels).
Nested intron B was also spliced in vitro, albeit less efﬁciently (see
lower panels). These assays conﬁrmed that nested introns A and B
are themselves splicing competent.
3.5. Nested lariat introns were generated during muscle cell
differentiation
It was critical to examine whether these detected nested introns
are bona ﬁde splicing byproducts from the endogenous DMD gene.
DMD gene expression is markedly elevated during the differentia-
tion of myoblasts into myotubes [19]. Therefore, we used SkMC
cells for the assay, as their terminal differentiation into myotubes
can be induced. We then performed semi-quantitative RT-PCR to
assay the levels of spliced DMD mRNAs, of intron 7 products, and
of nested intron products A and B (Fig. 5A). A minimal level of ma-
ture DMD mRNA was detected in uninduced SkMC cells (0 h), but
this increased rapidly for 12 h after induction of differentiation,
and accumulated gradually thereafter up to 48 h (Fig. 5B). The lev-
els of excised intron 7 increased for the ﬁrst 12 h, as observed for
the generation of mRNA, but decreased dramatically thereafter to
96 h (Fig. 5B), which was apparently attributable to the rapidfragments A and B (the lengths are indicated) were inserted into an exonic (exon 1/
d of exon 2 were deleted). An in vitro splicing assay was performed with HeLa cell
directly by denaturing 5.5% PAGE (dPAGE) and the reaction mixtures were subjected
As are indicated with their schematic structures. The spliced products were veriﬁed
Fig. 5. Nested introns are generated during the DMD splicing process. (A) Analyses of the DMD splicing products during the differentiation of SkMC cells to myotubes. SkMC
cells were induced to differentiate into myotubes and the total RNA was prepared during a time course (0–96 h). RT-PCR was used to detect the spliced mRNA, intron 7,
nested intron A, and nested intron B products. The 18S and 28S rRNAs are shown as the loading controls for RNA normalization. (B) The RT-PCR signals were quantitated by
densitometry. The relative amounts of the PCR products were normalized to those ampliﬁed from RNA extracted from uninduced SkMC cells (0 h). We induced the
differentiation of SkMC cells twice and obtained consistent RT-PCR results.
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radation patterns of nested introns A and B were similar to those of
intron 7, but clearly distinct from those of the mature mRNA
(Fig. 5B). The transient generation of nested lariat introns together
with de novo DMD gene expression suggests that these nested lar-
iat introns are true byproducts of intron 7 splicing.
4. Discussion
Here we report experimental data that support a novel splicing
hypothesis, designated ‘nested splicing’, which involves the preced-
ing splicing to eliminate nested introns, followed by the ultimate
splicing event between the authentic 50 and 30 splice sites (Fig. 1).
We have shown that the lariat RNA excised from DMD large intron
7 has a closed lariat structure, but appears to contain gaps in its se-
quence. We postulate that preceding nested splicing events gener-
ate these gapped segments. This assumption is supported by the
successful detection of possible lariat RNAs that were generated
from two nested introns through the activation of internal splice
sites in large intron 7. A time-course RT-PCR analysis showed that
the appearance of the nested lariat introns coincided with the
DMD splicing process, which argues against their arbitrary genera-
tion via the mis-splicing, or abortive splicing, in intron 7. To prove
our hypothesis, however, it is critical to identify exact nested lariat
introns that ﬁll the missing segments of lariat intron 7.
The architectures of nested introns within outer intron, termed
‘twintrons’, were previously reported in chloroplast and D. melano-
gaster genes. The former are group II and/or group III twintronsthat undergo splicing in a sequential manner [reviewed in 20],
while the latter are U2 and U12 snRNPs catalyzed twintrons that
are not spliced in a sequential manner but are spliced alternatively
in a developmentally regulated manner [21,22]. These twintrons
structurally similar, but not mechanistically link, to our case of
nested introns in large intron 7 of human DMD gene. Remarkably,
our recent discovery of the re-splicing of human mature mRNA im-
plies that the spliced product generated via the inner splice sites
can act as the substrate for subsequent splicing via the outer splice
sites [4], which mechanistically supports the inner nested splicing
followed by the outer authentic splicing (Fig. 1). Furthermore, pre-
requisite internal splicing followed by external splicing has been
found to produce speciﬁc alternative isoforms from the mamma-
lian 4.1R (EPB41) and 4.1B (EPB41L3) pre-mRNAs [23,24]. These
actual cases of multi-step re-splicing might mechanistically under-
pin the proposed model of nested intron spicing, and this possibil-
ity motivated us to publish this hypothesis article.
The fact that the ﬁrst proximally spliced product acts as the
substrate for subsequent splicing events suggests an unknown
mechanism, distinct from that underlying conventional one-step
splicing. In conventional splicing, splicing does not proceed on
the ligated exons even though many splice site-like sequences ex-
ist. A substantial problem that remains to be resolved is to identify
the factor(s) that allows these intermediate RNAs to remain as the
substrates for subsequent splicing. The exon junction complex
(EJC) is loaded onto the splice junction of the mature mRNA in a
splicing-dependent manner, and is involved in mRNA export, sub-
cellular localization, quality control, and translation [reviewed in
H. Suzuki et al. / FEBS Letters 587 (2013) 555–561 56125]. Therefore, it is intriguing to ask whether the EJC, which might
be a potential signal for the completion of splicing, is not loaded
onto the intronic splice junction after a nested splicing event. Inter-
estingly, it was reported that EJCs are not associated with every
spliced junction and that their assembly is a regulated process
[26,27]. Our exploratory study provides a useful model with which
to study the mechanisms of splice site selection, splicing initiation,
and splicing termination.
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